BNORMAL flexibility of the lumbar spine is a suspected cause of low-back pain in patients with intervertebral disc degeneration. 10, 11, [16] [17] [18] 24 How degenerative changes in the spine affect its flexibility is not well understood. In biomechanical studies of the spine, disc degeneration has been evaluated in terms of morphological changes evident on anatomical sectioning. 2, 11, 14, 23 The systems used to grade degenerative changes observed in these studies are not generally applicable to MR imaging, which effectively demonstrates tears in the annulus fibrosus and loss of glycosaminoglycans in the nucleus pulposus.
region of increased signal intensity on T 2 -weighted MR images, or a region of contrast enhancement on contrastenhanced images obtained within the annulus fibrosus. 20 In anatomical studies reduced signal intensity in the disc or bulging of the annulus fibrosus also predicts the presence of a radial tear on the annulus fibrosus. [26] [27] [28] Another category of degenerative disc disease demonstrated by MR imaging is the collapse of the disc space. Collapse of the intervertebral disc presupposes a radial tear of the annulus fibrosus. It often displays sclerosis in the adjacent vertebral endplate, reactive changes in the vertebral marrow, and osteophytes, suggesting chronic degeneration.
The purpose of this study was to measure the effect of tears in the annulus fibrosus on the motions of lumbar spinal segments that are subjected to axial rotatory, lateral bending, flexion, and extension torques. We intended to stratify the motions by type of torque applied and the type of tear identified in the annulus fibrosus.
Materials and Methods

Preparation and Imaging of Specimens
Cadavers of donors who died between the ages of 49 and 87 years (average age 74 years) were acquired through the Body Donation Program. Those in which there was metastatic disease and spine trauma, as well as those in which spinal surgery had been performed, were excluded. Within 48 hours of death, the lumbar motion segments were harvested, 12 placed in sealed plastic bags, and stored at -20˚C until imaging and loading tasks were performed. Each specimen consisted of two intact vertebrae and the intervening disc. The specimens were thawed overnight and underwent imaging in a 5-indiameter transmit-and-receive solenoid coil in a 1.5-tesla imager. Axial and sagittal images were obtained with spin echo sequences. The technical parameters included: TR 650 msec, TE 40 msec, number of excitations 2, 1-mm-slice thickness, 8 ϫ 8-cm display field of view and 512 ϫ 256 matrix (for a T 1 -weighted image); and TR 2000 msec, TE 33 msec, number of excitations 2, 1-mm-slice thickness, 8 ϫ 8-cm diameter display field of view, and 512 ϫ 256 matrix (for a T 2 -weighted image). The images were inspected for evidence of diminished signal intensity in the intervertebral disc, diminished intervertebral disc height, or high signal intensity in the annulus fibrosus consistent with a radial, concentric, or transverse tear. After imaging, the specimens were refrozen in dry ice and liquid nitrogen and stored frozen.
Biomechanical Testing
The motion segments were thawed at room temperature for 16 hours prior to biomechanical testing. The inferior vertebra of the motion segment was fastened with glue and nylon screws to a platform. Rods were attached to the superior vertebra perpendicular to the spinal axis in the sagittal plan and in the coronal plane. Force was applied to the rods by means of deadweights, pulleys, and cords attached to the rods to produce pure moments of flexion, extension, lateral bending, or axial rotation. 22 For example, to produce the flexion moment, force applied on the anterior loading arm was directed downward and the force on the posterior arm upward (Fig. 1) . A moment arm length of 530 mm and dead weights of 100, 300, 500, 700, 900, and 1100 g were used to produce successive load steps of 0, 0.5, 1.6, 2.6, 3.6, 4.7, and 5.7 Nm. Increments were applied at 5-minute intervals. As the moments were applied to each motion segment, the movements of three reflective markers attached to the upper vertebra were recorded at 60 Hz by cameras (model 370; Vicon Industries, Hauppauge, NY). Rotation and translation (in the six degrees of freedom) of the superior vertebra, with respect to the inferior vertebral body were calculated from changes in the marker position 9 by using commercially available software (Vicon Industries). The order in which the loads were applied was varied systematically. Following the application of the last load, the specimen was frozen with liquid nitrogen and dry ice.
Classification of Motion Segments After Biomechanical Testing
The motion segments were sectioned on a planing cryomicrotome in the sagittal plane. At intervals of 3 mm, the surface of the frozen specimen was photographed. The photographs of each specimen were reviewed and the height and integrity of the nucleus pulposus and annulus fibrosus were evaluated (Fig. 2 ). Discs were classified as "normal" if the annulus was completely intact; as having "transverse tears" if only transverse tears with or without concentric tears were found in the annulus fibrosus without visible reduction in intervertebral disc height or diminished signal intensity in the intervertebral disc or other signs of degeneration; as having a "radial tear" if the section showed a complete disruption of the annulus fibrosus with disc height unaltered or reduced by less than 50%; and as "collapsed" if the intervertebral disc height was reduced by more than 50% and if large osteophytes or marked sclerosis were evident in the adjacent endplates. The height of the intervertebral disc space at the anterior and posterior rim apophysis was measured to determine the degree of collapse. 5 
Statistical Analysis
The amount of the rotation was tabulated for each torque increment. Motions for the 1.6-Nm torque and 5.7-Nm torque were tabulated. Differences between disc types were assessed by performing ANOVA and Tukey's multiple comparison test with the significance level set at 0.05. The correlation of cadaver age, disc height, and lumbar spinal level with spinal motions for each torque type was tested for significance by conducting regression analysis.
Results
Sixty-eight motion segments were studied and classified on the basis of the cyromicrotome and MR imaging studies as having normal discs (13 specimens), transverse tears of the annulus fibrosus (28 specimens), radial tears of the annulus fibrosus with minimal or no disc collapse (16 specimens), and as disc collapse with or without osteophytes and reactive vertebral changes (11 specimens). The number and level of each affected segment were classified as shown in Table 1 . The vertebral level was not a significant factor in the motions produced by the torque (p = 0.3, ANOVA).
The average amount of rotation (and standard deviation) produced by 5.7-Nm and by 1.6-Nm of axial rotational, lateral bending, flexion, or extension moment in each disc category is shown in Table 2 . The motions for 5.7-Nm and 1.6-Nm axial rotational, lateral bending, flexion, and extension torques are shown in Fig. 3A and B.
Results of Biomechanical Testing
Normal Discs. For the 13 motion segments classified as having normal discs, the 5.7-Nm axial rotational torque produced on average 1˚ of rotation to the right and 1.2˚ to the left. For the lateral bending, flexion, and extension torques, the average rotation was greater (4.7, 4.1, and 2.8˚, respectively). Differences in motions between the four different types of torque were significant (p = 0.00019; ANOVA). No significant effect of age was evident in this group.
Transverse Tears. In 28 motion segments one and usually multiple transverse tears of the disc were demonstrated. On cryomicrotome sections, concentric tears were always L1-2  5  8  3  2  L2-3  1  5  3  1  L3-4  4  7  4  2  L4-5  0  6  3  1  L5-S1  3  2  3  5  total  13  28  16  11 found in discs with transverse tears. Rotation for a specific axial, lateral bending, flexion, or extension torque was greater for these discs than for those discs classified as normal ( Table 2) . The difference between the discs with transverse tears and the normal discs was highly significant in axial rotation (p Ͻ 0.0001; Tukey comparison), significant in flexion (p = 0.02), marginally significant in extension (p = 0.045), and insignificant in lateral bending. An effect of age on the motions in this group of specimens was evident. Motions increased with age (regression coefficient = Ϫ0.05, p = 0.02; Fig. 4 ). For the flexion, extension, and lateral bending moments, the trends were less marked. Disc height was not correlated with motions in this group. Radial Tears. In the 16 motion segments with radial tears of the annulus fibrosus, larger average rotations for each moment were demonstrated compared with normal discs.
For the 5.7-Nm axial rotational torque the motions were 2.6, 4.5, 6.3, and 3.5˚, and for the 1.6-Nm torque the motions were 1.1, 2.1, 3.3, and 1.7˚. Compared with the discs in which transverse tears occurred, those with radial tears were shown to have similar rotations ( Table 2 ). The effect of disc height on motions in this group was not significant.
Collapsed Discs. In the 11 motion segments classified as having disc collapse, rotations for axial rotational torque (1.6˚) were smaller than the rotations for lateral bending, flexion, or extension torques. Age and disc heights were not significantly correlated with motions in this group. In lateral bending, flexion, and extension the differences were not significant.
The bar graphs in Fig. 3 show the rotations for each disc type by the type of torque applied. In the axial rotatory torque, motions of the segment increased markedly with the presence of transverse and radial tears and decreased moderately in cases of disc collapse. The differences in axial rotation between normal discs and those with transverse tears, radial tears, or those classified as collapsed were significant ( p Ͻ 0.001, ANOVA and Tukey multiple comparisons). In the lateral bending torque, motions were relatively large for each disc type. Differences between normal discs, those with transverse tears, radial tears, and those classified as collapsed were not significant. In the flexion torque, motions were significantly greater in the segments with radial tears or transverse tears than in the other segments (p = 0.02). In extension, motions tended to increase progressively with the development of transverse and radial tears and then with disc collapse, and the differences between discs with radial or transverse tears and normal discs were significant (p = 0.045).
Discussion
Transverse and radial tears of the annulus fibrosus, which are detected on MR images, are associated with increased flexibility of the lumbar spine. The development of transverse and radial tears in the annulus fibrosus has a larger effect on the motions in axial rotational torques than in other torques. Intervertebral disc height, the age of the cadaver, and spinal level may also be factors.
In this study we measured the rotations produced by flexion, extension, lateral bending, and axial rotational moments and stratified the motions by the type of degenerative changes demonstrated in each disc. We measured rotations rather than translations because of the questionable reliability of translation data. 4 We applied incremental moments to obtain load-displacement behaviors of the spine. Because investigators have used range of motion and neutral zone to characterize spinal motion characteristics, 14, 15 we tabulated the rotations for a relatively small (1.6-Nm) and a larger (5.7-Nm) torque.
Our measurements of motions compare well with those obtained by Schultz, et al. 23 They found an axial rotational moment of 10.6 Nm produced 1.4˚ of rotation, results correlating well with ours. They also found that motions of lumbar spinal segments were smallest in axial rotational torque, twice as large in extension, and approximately four times as large in extension or lateral bending. The normally small degree of lumbar spine flexibility secondary to axial rotational moments has been attributed to the radial orientation of collagen fibers in the annulus fibrosus. 3, 8 The motions measured at 1.6 Nm and 5.7 Nm in our study correlate approximately with results obtained by Mimura, et al. 14 If the discs with radial tears and those that had collapsed in our study are grouped together into a category of degenerated discs, our data show increased motions in degenerated discs during flexion, extension, and axial rotation, as did the data obtained by Mimura, et al. The correlation between motions and disc morphology and intervertebral disc height has not been found consis-tently in previous studies. In a study by Berkson, et al., 2 in which they examined 42 motions segments by using morphological categories different from ours, they found no effect of disc height on stiffness of the motion segments. They used quantitative measures of degenerative disc disease based on the area and height rather than on the morphological appearance or features evident on MR images to classify specimens.
The possible effect of degenerative facet joint changes on the segmental motions has not been well understood and was not addressed in this study. Facet joints and posterior elements reportedly reduce the motions in extension or axial rotational moments, which are applied to normal motion segments, by approximately 40 to 60%. 23 In the specimens in this study there were likely varying degrees of facet joint degeneration.
Spinal level is a potential confounding factor in our study because facet joint orientation and stiffness of the motion segment may vary from one level to another and one patient to another. However, the effect of spinal level on motions in our data did not appear to be significant. The discs with transverse and radial tears were distributed throughout the spinal levels, although not uniformly. Age is another possible confounding factor. In our study age appeared to correlate with flexibility only in the largest group of specimens, those with transverse tears.
The intervertebral disc characteristics that we used to characterize segments can be observed on MR imaging. Transverse tears or "rim lesions" 13 characterize the majority of discs found in older cadavers. 27 The transverse tears have a characteristic focal region of high signal intensity on the peripheral annulus near the ring apophysis on MR images. 25 They are detected frequently on MR images, although MR imaging is imperfectly sensitive in detecting them. 25 Motion segments with only transverse tears do not show diminished disc height, diminished signal intensity, or other signs of degeneration, unless a radial tear is also present. The concentric and transverse tears have been classified as age-related changes in connective tissue 6, 19 or as class 1 degeneration. 2, 11 A radial tear of the annulus fibrosus appears on MR images as a region of high signal intensity or as contrast enhancement in the annulus fibrosus. 1, 20 Discs with a bulging annulus or decreased signal intensity have been shown to have radial tears, even if the "high-intensity zone" is not demonstrated by MR imaging. 22, 26, 28 Discs in which more than half of the height has been lost were classified separately in our study as collapsed discs, because, hypothetically, motion segments that have lost significant height or developed large osteophytes respond differently to the biomechanical forces than motion segments with normal disc height. 7 The collapsed discs have radial tears and often osteophytes as well as reactive changes in the adjacent vertebrae.
We can infer from this study that MR imaging may be used to study the effect of disc degeneration on spinal motions in vivo. Magnetic resonance imaging demonstrates morphological changes in the intervertebral disc such as radial and transverse tears, and it may be used to measure the amount of axial rotation of a lumbar segment because it provides multiplanar images, including an axial one. Axial rotatory torques may be more effective than other torques in distinguishing normal and abnormal motion in the disc. Although not effectively measured using radiography, 21 axial rotations can be measured using computerized tomography or MR imaging. 9 Correlation of normal and abnormal motions of the spine with MR imaging findings warrants additional investigation.
